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Use of an in Vitro System to Study the Effects of Lead on Astrocyte-Endothelial Cell Interac- 
tions: A Model for Studying Toxic Injury to the Blood-Brain Barrier. GEBHART, A. M., AND 
GOLDSTEIN, G. W. ( 1988). Toxicol. Appl. Pharmacol. 94, 19 l-206. We investigated the effect 
of inorganic lead on the interaction of immature rat astrocytes and bovine adrenal endothelial 
cells. The two cell types were cultured alone and in coculture in the presence or absence of lead 
acetate for up to 1 week. A battery of cell specific markers was used for cell identification. New- 
born Sprague-Dawley rat brain astrocytes were more sensitive than bovine adrenal endothelial 
cells to the cytotoxic effects of lo-50 pM lead acetate, as demonstrated by a decrease in cell 
number and by the presence of intracellular vacuoles and detached cells. The number of astro- 
cytes decreased to 50% of control after 4 days in culture at a concentration of 10 PM lead. In 
contrast, a mitogenic effect of lead was observed on the endothelial cells at this concentration, 
with an increase in cell number to 110% of control. In coculture, the two cell types demonstrated 
a distinctive cellular organization and the astrocytes were less sensitive to the cytotoxic effects 
of lead than when they were cultured alone. A lead-enhanced induction of a neural capillary 
enzyme activity, -r-GTP, was detected histochemically in the coculture system. These results are 
consistent with a maturing or differentiating effect of the endothelial cells on the astrocytes, 
making them less susceptible to lead and mature enough to induce y-GTP activity in the endo- 
thelial Cells. 0 1988 Academic Press, Inc. 
An acute encephalopathy similar to that 
found in lead-poisoned children can be ex- 
perimentally produced in vivo by lead admin- 
istration to rats during the suckling period 
(Clasen et al., 1974; Lefaucannier et al., 1980; 
Pentschew and Garro, 1966; Goldstein et al., 
1974). In each case, the entire brain becomes 
swollen and edematous and a severe hemor- 
rhage reaction, including necrosis, occurs in 
the cerebellum where capillary permeability 
is altered. In recent years, the emphasis has 
shifted to chronic, low-level lead exposure 
and the special sensitivity of children (Silber- 
geld, 1985). Lower lead levels are now associ- 
ated with a whole range of neurological func- 
tional impairments, including learning and 
behavior problems. 
Brain capillary endothelial cells (BCECs), 
which are responsible for formation of the 
blood-brain barrier (BBB), are a major site of 
lead accumulation in autoradiographic stud- 
ies done in developing rats (Thomas et al,, 
1973). Capillary-enriched microvascular 
preparations, a good source of BCECs, have 
been isolated from rats poisoned with lead in 
vivo and found to be enriched in lead com- 
pared to whole brain (Toews et al., 1978). 
Capillary preparations also provide an oppor- 
tunity to study structural and enzymatic 
properties of the BBB at a biochemical level. 
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For instance, isolated brain microvessels 
were useful in developing an association be- 
tween lead toxicity and alterations in calcium 
homeostasis (Goldstein et al., 1977) and in 
establishing the intracellular distribution of 
lead-calcium complexes (Silbergeld et al., 
1980). However, studies with capillary prepa- 
rations are limited by exposure times of no 
more than several hours and by the presence 
of more than one cell type. 
The focus of this work is endothelial cell 
(EC)-glial cell interactions, which may be 
vulnerable at low levels of lead exposure. 
Two features that make the microvessels of 
the brain distinctive from systemic microves- 
sels are the continuous tight junctions of the 
BCECs, in which the outer leaflet of two ad- 
joining cells merge, and the astrocytic foot 
processes, which nearly surround the anti-lu- 
minal side of the capillary (Wolff, 1963; 
Reese and Karnovsky, 1967; Brightman, 
1977; Brightman and Reese, 1969). The tight 
junctions of the BCECs have long been cred- 
ited with providing the anatomical basis of 
the BBB, although it has been suggested that 
the astrocytic end feet are responsible for in- 
ducing and maintaining at least some of the 
barrier functions of the BCECs (Davson and 
Oldendorf, 1967; DeBault and Cancilla, 
1980~). Circumstantial evidence for this in- 
cludes the absence of both a glial sheath and 
a barrier in certain regions of the brain (cho- 
roid plexus, pineal gland, pituitary) and in 
cranial neoplasms; and the coincidental de- 
velopment of the glial sheath and barrier 
function in the rat and chicken (Hirano et 
al., 1974; Bar and Wolff, 1972; Delorme ef 
al., 1968). One long term goal of this labora- 
tory is to determine in what way lead and 
other toxicants affect the induction by astro- 
cytes of BBB properties in ECs. 
An in vitro model of the BBB is being de- 
veloped in this laboratory by growing small 
vessel bovine adrenal endothelial cells 
(BAECs) and rat brain astrocytes in coculture 
to study induction of BCEC properties in a 
nonneural EC line. The cultured BAECs 
should express more specialized properties of 
BCECs only when in culture with the astro- 
cytes if induction of these properties results 
from BAEC-astrocyte interactions. The mor- 
phology of these two cell types in culture is 
density and substratum dependent. A battery 
of immunological and cytochemical markers 
used to identify the cell types present in our 
cultures is described. The subjects of this re- 
port include a comparison of the toxic effects 
of lead on BAECs and on astrocytes in cul- 
ture, and the effects of lead on the organiza- 
tion and interaction of these cells in cocul- 
ture. 
METHODS 
Cell culture. The endothelial cells used in these studies 
were from a line of bovine adrenal microvessel endothe- 
hum (BAEC) and were a kind gift of Dr. M. Furie (Pa- 
thology Dept, State University of New York at Stony 
Brook). The cells were maintained in MEM (Y medium 
(GIBCO Laboratories) supplemented with 15% defined 
bovine calf serum (Hyclone) and 1% penicillin-strepto- 
mycin (100 U/ml; 100 &ml). The cells were grown on 
plastic and incubated at 37°C in a humidified atmosphere 
containing 5% CO*. All cells used in these studies were 
between passages 13 and 17 and identified by their typi- 
cal morphology and by the cell specific markers de- 
scribed below. Astrocytes were isolated from newborn 
Sprague-Dawley rat brain as described by Frangakis and 
Kimelberg (1984). Cells were maintained on plastic in 
Dulbecco’s MEM supplemented with 10% bovine calfse- 
rum and 1% penicillin-streptomycin at 37°C in 5% CO2 
humidified atmosphere. For these studies, astrocytes that 
were grown in coculture or as astrocyte controls for co- 
culture were grown in the BAEC medium described. 
BAECs were plated 1 day earlier than were the astrocytes, 
unless otherwise indicated. Both cell types were seeded 
in the range of lO,OOO-20,000 cells/cm2 and cultures 
were fed by replacing one-half of the old medium with 
an equivalent volume of fresh medium. 
Cell specific markers. The presence of the cell specific 
markers factor VIII/van Willebrand factor (vWF) and 
angiotensin-converting enzyme were used to identify en- 
dothelial cells and glial fibrillary acidic protein (GFAP) 
was used to identify astrocytes. Indirect fluorescent anti- 
body staining was employed using rabbit anti-human 
factor VIII/vWF (Behring Diagnostics), mouse anti-an- 
giotensin-converting enzyme, a generous giR of Dr. R. 
Auerbach (Department of Zoology, University of Wis- 
consin), or rabbit anti-cow GFAP (Accurate Chemical 
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Corp.) at 1: 10 dilution. The secondary antibody was flu- 
orescein conjugated goat anti-rabbit IgG (Rappel) at I:20 
dilution or goat anti-mouse IgM (Cappel) at 1:lO dilu- 
tion. Negative controls were run using normal goat se- 
rum in place of the primary antibody. Endothelial cells 
were also specifically labeled based on their increased up- 
take of acetylated low density lipoprotein (Voyta et al., 
1984) labeled with the fluorescent probe 1, l’dioctadecyl- 
I-3,3,3’,3’-tetramethyl-indo-carbocyanine percholate 
(Biomedical Technologies, Inc., Stoughton, MA). For all 
markers, fluorescent labeling was graded on a Leitz fluo- 
rescence microscope according to the following scheme: 
0 no cells labeled 
+/o rare cell labeled ( l-4% of cells) 
+ occasional cell labeled (5- 10% of cells) 
+/++ few cells labeled (1 l-30% of cells) 
++ half of cells labeled (3 l-70% of cells) 
++/+++ many of cells labeled (7 l-90% of cells) 
+++ most of cells labeled (9 l-99% of cells) 
++tt all of cells labeled 
r-Glutamyi transpeptidase (-y-GTP) activity. r-GTP 
activity was analyzed histochemically on acetone:etha- 
no1 fixed preparations of cultured cells according to the 
method of DeBault and Cancilla ( 198Oa). 
Lead solutions. A stock solution of 5 mM lead acetate 
in sterile distilled water was diluted to the desired final 
concentrations in the culture medium. After attaching, 
cells were grown continuously in the lead-containing me- 
dium. 
Cytotoxicity. Cell cultures were viewed with a light mi- 
croscope and graded for cytotoxicity according to the fol- 
lowing scheme: 
0 Cells appear normal; no cytotoxicity visible. 
t/o Occasional cell vacuolated. 
+ Few cells vacuolated, rounded or detached. 
tt Several cells vacuolated, rounded or de- 
tached. 
ttt Many cells appear washed-out, with large 
vacuoles; many detached cells. 
++++ Most cells appear washed-out, with large vac- 
uoles; very few attached cells. 
Cell counting and statistics. Cells grown in 6- or 12- 
well culture dishes were rinsed, trypsinized, dispersed 
with the addition of serum-free medium and repeated pi- 
petting, and counted in a Coulter counter. Duplicate 
wells were counted in each experiment. Significance lev- 




We chose a non-brain small vessel EC line 




BAEC Astrocytes Coculture 
Anti-factor VIII/vWF t t t t 0 ++ 
Anti-GFAP 0 tt+ ++ 
Anti-ACE ++++ +/o +t 
Uptake ofDil-Ac-LD +t++ + +t 
Note. Grading for number of cells fluorescently la- 
beled: 0 = none; +/O = rare; + = occasional; +t = half; 
+++ = most; ffft = all. 
cultured BAECs should express more special- 
ized properties of BCECs only when in cul- 
ture with the astrocytes if induction of these 
properties results from BAEC-astrocyte in- 
teractions. Cell identification is critical in 
these experiments and the results obtained 
with cell specific markers are summarized in 
Table 1. 
Factor VIII/vWF is the most widely used 
marker for EC identification and is present in 
brain capillaries in vivo (DeBault and Can- 
cilia, 1980~). Except for megakaryocytes and 
platelets it is found exclusively in ECs where 
it is stored in cell specific organelles. The bo- 
vine adrenal EC line used in these studies is 
reported to be 100% positive when stained 
with anti-bovine factor VIII/vWF (Furie et 
al., 1984). We found a weaker reaction, but 
with a similar high incidence of positive cells, 
with the commercially available rabbit anti- 
human factor VIII/vWF. Approximately 
one-half of the cells in coculture were positive 
with the anti-human factor VIII/vWF 
(Fig. 1A). 
GFAP is a major component of glial fila- 
ments and is astrocyte specific in indirect im- 
munofluorescent and immunoperoxidase 
studies in vivo and in vitro (Antanitus et al., 
1975; Ludwin et al., 1976). Our astrocyte cul- 
tures were consistently 90+% positive for 
GFAP in primary, P 1, and P2 cultures. Co- 
cultures of BAECs and astrocytes were GFAP 
positive in some areas, which in early cocul- 
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FIG. 1. Light micrographs of BAECs and rat astrocytes in coculture fluorescently labeled with (A) I 
VIII/vWF and (B) GFAP. 
:actor 
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tures, were distinct from those areas positive 
for factor VIII/vWF (Fig. 1B). 
Angiotensin-converting enzyme is a sur- 
face protein that serves as a useful marker for 
ECs in capillaries, veins, and arteries (Auer- 
bath et al., 1982). Although angiotensin-con- 
verting enzyme activity is present in pericytes 
and smooth muscle cells, these cells have 
much lower activity than capillary ECs (Bow- 
man et al., 198 1; Hial et al., 1979). The 
BAECs demonstrated positive immunofluo- 
rescent staining of increasing intensity at in- 
creasing antibody concentrations. Astrocytes 
were negative except for a cluster of positively 
stained cells observed once, which were pre- 
sumably endothelial in origin as a pericyte 
culture was negative for this antibody (data 
not shown). Cocultures showed varying de- 
grees of positive staining, most frequently as- 
sociated with the areas of distinct cellular or- 
ganization. 
Acetylated low density lipoprotein uptake 
occurs by a receptor mediated process at ele- 
vated rates in macrophages and ECs relative 
to smooth muscle cells and pericytes (Voyta 
et al., 1984). The attached fluorescent probe 
is lipophilic and remains within the cells fol- 
lowing degradation of the lipoprotein. This 
marker consistently labeled 100% of the cells 
in our BAEC line and approximately 5% of 
the cells in our glial cultures. The cocultures 
also had many fluorescent cells, particularly 
those associated with the tubular structures. 
The labeling of cells by these markers was 
also examined in the presence of 10 PM lead 
acetate. No effect of lead was observed on de- 
gree of fluorescence or on number of posi- 
tively labeled cells. 
Cytotoxicity of Lead 
The BAECs were seeded at different densi- 
ties, allowed to attach overnight, and then 
maintained in lead-containing medium for 
up to 10 days. A cytotoxic effect was observed 
on these cells only at the highest dose of lead, 
a concentration close to its limits of solubility 
(Figs. 2A-2D). Astrocytes were seeded, al- 
lowed to attach for several hours, and then 
maintained in the same lead-containing me- 
dium (MEM-a) used for the BAECs. Over the 
same dose range, the astrocytes were much 
more susceptible to the cytotoxic effects of 
lead than were the BAECs (Figs. 2E-2H). 
Even at the lowest dose, fewer attached cells 
and more rounded and floating cells were ob- 
served in the astrocyte culture. The relative 
cytotoxicity of lead on the two cell types is 
summarized in Table 2. Preliminary studies 
indicated that the morphology and survival 
of the astrocytes were not affected by growing 
them in MEM-CX, the endothelial medium. In 
the cocultures, the astrocytes were added to 
the same wells in which the BAECs had been 
seeded on the previous day. After 1 week, the 
cytotoxic effect of lead on the cocultures was 
intermediate between that on either the 
BAECs or the astrocytes alone in culture. 
The difference in susceptibility to lead ob- 
served morphologically between BAECs and 
astrocytes was also evident in the lead-in- 
duced effect on cell number. In every case ex- 
amined, regardless of seeding density, dose, 
or time of exposure to lead, cell number, ex- 
pressed as a percentage of control, was de- 
creased for the astrocytes. The effect of lead 
on cell number of BAECs was somewhat 
variable from experiment to experiment de- 
pending on seeding density and time of expo- 
sure to lead. In some cases, the number of 
lead-treated BAECs was below that of con- 
trol, but this was only consistently found at 
the highest dose level tested (500 PM). At all 
other tested levels of lead exposure, BAEC 
number was often at or above control values, 
suggesting a mitogenic effect of lead on these 
cells under the proper conditions. Figure 3 
summarizes the difference between the effect 
of lead on cell number of BAECs and of astro- 
cytes at concentrations of 10, 30, and 50 pM 
after 4 and 7 days in culture. The difference 
is significant at each time point and dose 
level. The number of each cell type, when ex- 
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pressed as a percentage of control, decreased 
from 4 days to 7 days in culture, but the ac- 
tual number of cells in control wells doubled 
or tripled in every case during this time. This 
difference between BAECs and astrocytes is 
also seen in Fig. 4, a graph of the effect of lead 
on cell number from a single experiment. The 
mitogenic effect of lead on BAECs most often 
peaked at a concentration of 10 PM, as it did 
in this experiment. In contrast, the number 
of astrocytes decreased to 50% of control at a 
concentration of 10 PM lead and remained 
near this level at all higher lead concentra- 
tions. 
Endothelial Cell andAstrocyte Interactions in 
Coculture 
When grown together for 2-3 days in the 
same well, BAECs tended to organize into 
tight islands of cells with more loosely associ- 
ated groups of astrocytes in between them. 
This pattern of growth was observed whether 
BAECs or astrocytes were plated first into the 
well and it occurred over a range of BAEC: 
astrocyte plating density ratios, in which one 
cell type varied from one-third to three times 
the number of the second cell type. If the 
number of one cell type was much greater 
than the second cell type, the cellular organi- 
zation would be lost and the predominant 
cell would overwhelm the coculture. After 2- 
3 days in coculture, endothelial and astro- 
cytic areas of growth were identified as such 
both morphologically and with markers (Fig. 
1). The early coculture was relatively resistant 
to the cytotoxic effects of lead up to a concen- 
tration of 50 PM, as were the BAECs when 
cultured alone, but unlike the astrocytes, 
which showed marked cytotoxicity at lo-50 
PM lead when cultured alone (Table 2). 
By 1 week in coculture, the cellular organi- 
zation became more complex and individual 
cell types more difficult to identify. Grossly 
visible structures were observed either in the 
form of large nodules of cells that were several 
cell layers deep (Fig. 5B) or in the form of 
long tubular structures. These more complex 
forms of cellular organization were observed 
in control wells but were found with the 
greatest frequency in cultures exposed to low 
levels of lead (l-10 PM). Some cells within 
these structures were positively labeled with 
each of the cell specific markers used, and it 
was not possible to predict cell type morpho- 
logically. A very low level of cytotoxicity was 
observed at this time up through 30 PM lead. 
The cellular organization was lost at 50 and 
500 I.LM lead as cytotoxicity became more evi- 
dent (Table 2). 
r-GTP has been useful as a marker of 
BCECs (Orlowski et al., 1974; DeBault and 
Cancilla, 1980a) with a large increase in y- 
GTP activity occurring in brain capillary 
preparations of lo- to 2 1 -day-old rats (Sessa 
and Perez, 1975; Betz and Goldstein, 198 1). 
The BAECs used in these studies were consis- 
tently negative for r-GTP activity by the cy- 
tochemical method described, as would be 
predicted for a systemic microvascular EC 
line. In both control and lead-treated cocul- 
tures of BAECs and astrocytes, however, the 
areas of marked cellular organization (nod- 
ules, tubules) were r-GTP positive (Fig. 5C). 
These areas appeared to be a mixture of endo- 
thelial and astrocytic cells by marker assays. 
DISCUSSION 
We present here a novel coculture system 
to explore the effect of lead upon cellular in- 
teractions important to the formation and 
FIG. 2. Light micrographs of 0 pM and lead-exposed cells after 5-6 days in culture. BAECs: (A) 0 PM, 
(B) 10 pM, (C) 50 pM, and (D) 500 fiM lead. Astrocytes: (E) 0 pM, (F) 10 jtM, (G) 50 PM, and (H) 500 PM 
lead. 
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FIG. Z-Continued 
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FIG. 2-Continued 
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FIG. 2-Continued, 
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TABLE 2 








BAEC Astrocytes Coculture 
2 days I days 2 days 7 days 2 days 7 days 
0 0 +/o +/o 0 +/o 
0 0 + ++ 0 +/o 
0 0 ++ +++ 0 +/o 
0 +/o +++ +++ 0 + 
+++ +++ ++++ ++++ +++ +++ 
Note. Grading for cytotoxicity, defined as the presence of intracellular vacuoles, rounded or detached cells, or a 
washed-out, abnormal appearance: 0 = none; +/O = occasional vacuole; + = few vacuolated or detached cells; ++ 
= several vacuolated or detached cells; +++ = many cells vacuolated and washed-out or detached; ++++ = most 
cells vacuolated and washed-out or detached. 
functioning of the BBB. This in vitro model 
utilizes astrocytes derived from rat brain, the 
standard source for the isolation and culture 
of this cell type (Frangakis and Kimelberg, 
1984), and bovine adrenal microvascular 
ECs, a well established systemic EC line (Fu- 
rie et al., 1984; Lombardi et al., 1986). The 
precedent of using different species to study 
induction of BBB properties has been estab- 
lished by others. The activity of y-GTP, dem- 
onstrated histochemically to be present in 
vivo in mouse BCECs, is lost with time in cul- 
10 m 30 @M =JPM Pb ACETATE 
FIG. 3. Effect of lead concentration and time of expo- 
sure on cell growth. BAECs (shaded bars) and rat brain 
astrocytes (open bars) were allowed to attach and then 
exposed to lead-containing medium for the times indi- 
cated. Each value is the mean + SD of four experiments. 
Significance levels were calculated by Student’s t test for 
independent samples. Number of astrocytes were sig- 
nificantly different from number of BAECs at each dose 
level and time point: ***p < 0.001; **p <O.Ol; *Jr <0.05. 
ture, but can be induced by coculture with rat 
C6 glioma cells (DeBault and Cancilla, 
1980b). This induction of -y-GTP activity 
also occurs if the glioma cells are used only to 
condition media (Maxwell et al., 1987). The 
importance of astrocyte induction of proper- 
ties necessary for BCECs to form the BBB is 
also supported by cross-species transplanta- 
tion studies. Janzer and Raff (1987) purified 
astrocytes of neonatal Sprague-Dawley rats, 
cultured them on small Millipore filters, and 
then placed them cell side down onto the cho- 
rioallantoic membrane of 5-day-old chick 
*iled--- 
0 10 20 30 40 50 500 
fl LEAD ACETATE 
FIG. 4. Effect of lead concentration on cell growth. 
Data are from a single experiment that is typical of the 
divergent response of BAECs (open squares) and astro- 
cytes (closed squares) to lead after 4 days of exposure in 
culture. The number of 0 FM cells in each case was 
77,700 BAECs and 93,000 astrocytes. 
FIG. 5. Light micrographs of cocultures of BAECs and astrocytes showing the progression of cellular 
organization from (A) cellular islands, 2-3 cell layers deep, to (B) large nodules of cells. 7-8 cell layers 
deep. These nodules of cells reacted positively for r-GTP activity by the cytochemical method described 
0. 
202 
IN VITRO LEAD ON BLOOD-BRAIN BARRIER 203 
FIG. S-Continued 
embryos. The vessels that formed within the 
astrocyte aggregates were nonleaky, provid- 
ing evidence that the rat astrocytes induced 
nonneural chick ECs to form a tight barrier. 
The use of different species enabled them to 
prove that the ECs within the astrocyte aggre- 
gates were of chick origin and not contami- 
nating rat neural ECs. Similarly, when Stew- 
art and Wiley ( 198 1) transplanted avascular 
brain fragments from quail embryos into the 
coelomic cavity of chick embryos, the quail 
grafts were vascularized by nonneural chick 
ECs that formed structural, functional, and 
histochemical features of the BBB. Frag- 
ments of avascular quail coelomic tissue, 
grafted into embryonic chick brain, were vas- 
cularized by leaky vessels. Again, two species 
were used as sources of different cells to study 
the importance of the neural environment in 
inducing BBB characteristics in ECs. In vitro 
models of this interaction should help to de- 
termine more specifically the mediators of as- 
trocyte induction. 
We used neonatal rat astrocytes in direct 
coculture with a nonneural bovine EC line to 
study induction of BBB properties in an in 
vitro model system. A battery of cell specific 
markers was used to identify the two cell 
types in this system. After a week in cocul- 
ture, the cells became highly organized into 
structures that appeared to be made up of 
both cell types intimately associated, parallel- 
ing the in vivo situation. These structures be- 
came y-GTP positive histochemically (Fig. 
5C), suggesting that the rat astrocytes induced 
a specialized property of BCECs in a nonneu- 
ral EC line. 
We examined the effects of lead on our co- 
culture system, as well as on the two cell types 
individually, since EC-astrocyte interactions 
may be vulnerable to toxic injury. Our results 
indicate that immature rat astrocytes are 
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more sensitive to the cytotoxic effects of lead 
than are the BAECs. Our reasons for using 
more than one species have been discussed 
and we are not attempting to make any spec- 
ies-related assumptions about lead toxicity. 
However, results of a pilot study indicated 
that the survival and growth of rat BCECs 
were not affected by the presence of 100 PM 
lead acetate for up to 1 week (Bowman, per- 
sonal communication). This suggests that the 
greater susceptibility of astrocytes to the toxic 
effects of lead is not the result of species 
differences. Nevertheless, this issue is not re- 
solved since Maxwell et al. ( 1986) report a de- 
crease in glucose analog uptake, cell number, 
and thymidine incorporation in cultured 
mouse BCECs exposed to lead acetate. 
Our studies demonstrated a mitogenic 
effect of lead on monocultures of BAECs 
(Fig. 4). Lead also has a proliferative effect on 
liver and kidney cells. Lead acetate stimulates 
RNA, DNA, and protein synthesis in mouse 
kidney cells, and increases cell proliferation 
in rat kidney cells (Choie and Richter, 1972; 
Choie and Richter, 1974a,b). A single dose of 
lead nitrate increased total protein, DNA 
content, and number of cells entering mitosis 
in both parenchymal and nonparenchymal 
rat liver cells with no detectable liver necrosis 
(Columbano et al., 1983). The mechanism by 
which lead enhances cell growth has not yet 
been determined. 
In contrast to a growth promoting effect on 
BAECs, we found cytotopathic changes and 
a decrease in cell number in our lead-treated 
astrocytes (Table 2; Fig. 4). A lead concen- 
tration-dependent increase in number of de- 
tached astrocytes was also reported by Ngu- 
yen et al. (1982). These authors demon- 
strated a cytotoxic effect of lead in Sprague- 
Dawley rat astrocytes by scanning and trans- 
mission electron microscopy. Vacuoles, areas 
of clearing, and surface changes, including an 
increase in surface blebs and a decrease in mi- 
crovilli and membrane folds, were detected in 
astrocytes exposed to lead acetate. Tiffany et 
al. (1987) report a decrease in cell number 
when astrocytes from immature Wistar rats 
were cultured in the presence of 1 pM lead ac- 
etate. Interestingly, mature Sprague-Dawley 
rat astrocytes were resistant to low concentra- 
tions of lead and had less intracellular lead 
than the immature astrocytes, especially at 
low doses. The authors conclude that astro- 
cytes act as a lead sink and a direct target for 
cellular damage in lead toxicity. Their find- 
ings support the suggestion of Hohzman et al. 
( 1984) that the development of resistance to 
lead encephalopathy in adult rats is associ- 
ated with the sequestering of lead by mature 
astrocytes away from the mitochondria to 
nontoxic sites. At least three aspects of lead 
toxicity are mitochondria-related: heme syn- 
thesis, oxidative phosphorylation, and intra- 
cellular calcium metabolism. The mitochon- 
dria is therefore a critical subcellular target in 
lead neurotoxicity and the ability to protect 
this site is important for maturing astrocytes. 
In this study, we demonstrated the induc- 
tion of a neural capillary enzyme activity in 
the coculture of a nonneural EC line with as- 
trocytes (Fig. 5C). Within this interacting sys- 
tem we found that astrocytes are more resis- 
tant to the cytotoxic effects of lead than when 
they are cultured alone. As discussed, the de- 
velopment of resistance to the toxic effects of 
lead in astrocytes has been linked with their 
maturation. One explanation for the in- 
creased resistance of astrocytes to lead in co- 
culture with BAECs would be a maturation 
due to interactions between the two cell 
types. In fact, this coculture may serve as a 
model of cellular differentiation and of the 
importance of cell-cell interactions during 
development. The maturation of interacting 
cells in coculture would also be consistent 
with the induction of y-GTP activity, which 
appears to be enhanced in the presence of 
lead. This suggests that, in vivu, lead may dis- 
turb the programmed growth and differenti- 
ation of the BBB and underlie some of the 
neural effects of exposure to low levels of 
lead. Our results emphasize the importance 
of cellular interactions in determining the re- 
IN VITRO LEAD ON BLOOD-BRAIN BARRIER 205 
action to a toxicant and suggest that pure 
monocultures may not best represent the re- 
sponse of a tissue. 
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